Many biological functions played by current proteins were not created by evolution from scratch, rather they were obtained combining already available protein scaffolds. This is the case of MocR-like bacterial transcription factors (MocR-TFs), a subclass of GntR transcription regulators, whose structure is the outcome of the fusion between DNA-binding proteins and pyridoxal 5 0 -phosphate (PLP)-dependent enzymes. The resultant chimeras can count on the properties of both protein classes, i.e. the capability to recognize specific DNA sequences and to bind PLP and amino-compounds; it is the modulation of such binding properties to confer to MocR-TFs chimeras the ability to interact with effector molecules and DNA so as to regulate transcription. MocR-TFs control different metabolic processes involving vitamin B 6 and amino acids, which are canonical ligands of PLP-dependent enzymes. However, MocR-TFs are also implicated in the metabolism of compounds that are not substrates of PLP-dependent enzymes, such as rhizopine and ectoine. Genomic analyses show that MocR-TFs are widespread among eubacteria, implying an essential role in their metabolism and highlighting the scarcity of our knowledge on these important players in microbial metabolism. Although MocR-TFs have been discovered 15 years ago, the research activity on these transcriptional regulators has only recently intensified, producing a wealth of information that needs to be brought back to general principles. This is the main task of this review, which reports and analyses the available information concerning MocR-TFs functional role, structural features, interaction with effector molecules and the characteristics of DNA transcriptional factor-binding sites of MocR-based regulatory systems.
Introduction
Bacteria have evolved very sophisticated metabolic regulation mechanisms, which are at the basis of their remarkable ability to thrive in many different environmental conditions and are one of the reasons for their ecological success. The understanding of these intricate regulatory networks is crucial to address the modern challenges posed by infectious diseases and to exploit the biotechnological potential of the bacterial world. The metabolic regulation is basically achieved through a coordinated control of enzyme activity and gene expression. The latter strategy, i.e. the transcriptional regulation, is carried out on a longer time scale and ensures that the appropriate catalysts be present in suitable amounts at the right time, in response to specific environments and available nutrients. Many different mechanisms and factors are involved in gene regulation, their common target being the initiation of RNA transcription [1] . A central role is played by transcription factors, proteins that recognize specific DNA sequences and promote or inhibit RNA polymerase binding at the initiation transcription site [2] . Transcription factors also bind molecular effectors that function as intracellular messengers by changing DNA binding affinity and specificity, thereby affecting transcription. For this reason, transcription factors commonly consist of two domains, one of which is able to specifically interact with DNA, while the other binds the effectors and plays the role of molecular sensor. This review is focused on MocR-like transcription factors (MocR-TFs), a group of understudied chimeric proteins formed by the joining of a DNA binding domain and the protein scaffold of pyridoxal 5 0 -phosphate (PLP)-dependent enzymes. Interactions of molecular effectors with this latter domain are similar to those taking place between PLP-dependent enzymes and their substrates. These features make of MocR-TFs a very interesting subject of study, both because of their involvement in PLP and amino compounds metabolism, and because of their possible functional similarities with an important and deeply studied class of enzymes, which play fundamental roles in metabolism and are endowed with very broad catalytic versatility and promiscuity [3] [4] [5] .
The GntR transcriptional regulator family
MocR-TFs represent a subfamily in the larger GntR family of bacterial transcriptional factors [6] . This family was named after the GntR regulator, which was first found to be involved in the expression of the gluconate operon of Escherichia coli K12 [7] , and later on of Bacillus subtilis [8] . GntR transcriptional factors are widespread in eubacteria and are involved in the regulation of various biological processes [9] . The regulators belonging to this family possess a characteristic molecular architecture, which includes an N-terminal DNA-binding domain (DB-domain) containing a Helix-Turn-Helix (HTH) motif and a C-terminal domain with oligomerization and/or effector binding function, interconnected through a linker of variable length. The HTH motif is a well-known protein module able to interact specifically with DNA [10] . The C-terminal domain of GntRs belongs to one of several different structural architectures [6, 11] , which attribute functional diversification to the corresponding transcriptional regulator. So far, seven different subfamilies have been observed according to the structure of the C-terminal domain. Among these, the MocR subfamily is characterised by a large C-terminal domain, whose protein architecture is homologous to the fold type I PLP-dependent enzymes, and is connected to the N-terminal DB-domain by a polypeptide linker of variable length. PLP-dependent enzymes are classified into at least five evolutionarily unrelated families characterised by different protein folds [12, 13] . Fold type I PLP-dependent enzymes are represented by the archetypal aspartate aminotransferase (AAT) [14] . These enzymes are generally active as homodimers. The PLP cofactor is covalently bound with its aldehyde group to an active site lysine residue via a Schiff base, while the phosphate group is anchored via hydrogen bonds and salt bridges. The active site pocket is located in proximity of the subunit interface. Often, residues from both subunits form the active site and interact with the cofactor.
The MocR-TFs
The name MocR comes from the GntR regulator identified within the moc locus that in Rhizobium meliloti is responsible for the degradation of rhizopine (see next paragraph) [15] . After several years from the publication of this study, another MocR-TF -named GabR -was identified in Ba. subtilis [16] . This regulator is, so far, the best characterised of the entire subfamily. In the following years, many other MocR-TFs were identified and a few of them were also experimentally characterised (Table 1) . Some of them are involved in central biosynthetic pathways, whereas others regulate the catabolism of compounds that bacteria come across with only in particular circumstances.
not directly related to the classical substrates of PLPdependent enzymes, such as rhizopine, an opine-like compound that is structurally similar to an amino sugar, and ectoine, a protectant against osmotic challenges and extremes in both low and high growth temperatures [17] .
MocR-TFs regulating vitamin B 6 metabolism

PdxR
The term vitamin B 6 refers to a set of six substituted pyridine compounds: pyridoxine, pyridoxal, pyridoxamine and their related 5 0 -phosphate derivatives. The biologically active form of the vitamin, PLP, is used as enzyme cofactor by PLP-dependent enzymes in a multitude of biochemical transformations involving amino acids and amines. A member of the MocR subfamily, PdxR, plays a fundamental role in the transcriptional regulation of vitamin B 6 biosynthesis, acting as transcriptional activator of the pdxST operon. The PdxS and PdxT proteins are the subunits of the PLP synthase complex, which catalyses the de novo biosynthesis of PLP in most bacteria. In this reaction, PLP is directly formed from glutamine, ribulose 5-phosphate and glyceraldehyde 3-phosphate [18] . The role of PdxR in transcriptional regulation has been analysed in Corynebacterium glutamicum [19] Streptococcus pneumoniae [20], Listeria monocytogenes [21] and Bacillus clausii [22] . In St. pneumoniae, the pdxR gene is over 70 genes away from pdxS [20] , whereas in the other bacteria it is adjacent to -and transcribed divergently from -the pdxS gene [19, 21, 22] . Analyses of growth curves showed that deletion of either the pdxR or the pdxST genes resulted in vitamin B 6 auxotrophy. The addition of exogenous PLP (and also of pyridoxal and pyridoxamine that can be both converted into PLP in a recycling pathway [23] ) to the culture medium restored bacterial growth [19] [20] [21] . Deletion of the pdxR gene also resulted in decreased expression of pdxS and pdxT [19, 20] ; moreover, pdxS expression was reduced in the presence of pyridoxal [21, 22] . All these data indicated that PdxR is a direct activator of pdxST transcription and that PLP acts as a direct anti-activator of PdxR. This picture was confirmed by in vitro transcription analysis carried out using purified PdxR from L. monocytogenes [21] . In fact, no expression from the pdxS promoter was detected in the absence of PdxR, whereas transcription of pdxS was strongly activated by PdxR. Addition of PLP was found to reduce, in a concentration-dependent manner, the formation of pdxS transcript. On the other hand, expression from the pdxR promoter, either in the presence or absence of PLP, was reduced, indicating that PdxR serves as a negative autoregulator. Other B 6 vitamers (pyridoxal, pyridoxine, pyridoxamine, and pyridoxamine 5 0 -phosphate) did not affect the activity of PdxR in vitro and PLP appeared to be its only effector [21] . The regulation of pdxS expression was also analysed in vivo. High expression of a pdxS-lacZ fusion was measured in Ba. subtilis when the L. monocytogenes pdxR gene was integrated in the bacterial chromosome. An even higher expression was measured when bacteria experienced a vitamin B 6 limitation, indirectly obtained by the addition of casamino acids to the growth medium or by the knockout of the pdxT gene [21] . This increased expression from the pdxS promoter was suppressed when exogenous pyridoxal was added to the growth medium. Conversely, expression from the pdxR promoter was low in the presence of PdxR and was increased if the cells were experiencing vitamin B 6 limitation, but was restored again in the presence of PL [21] .
PtsJ from Salmonella
The PLP biosynthetic pathway involving the PLP synthase complex is not the only metabolic route that bacteria can follow to obtain this cofactor. PLP can be recycled from the other B 6 vitamers through a salvage pathway [23] , whose regulation was shown in some bacteria to be under the control of MocR-TFs.
In particular, in 33 genomes of Enterobacteriaceae, including Salmonella enterica subsp. enterica serovar Typhimurium, a MocR-TF encoding gene called ptsJ was found to be contiguous to -and divergently transcribed from -the pdxK gene encoding pyridoxal kinase [24] . This enzyme is a key component of the salvage pathway of vitamin B 6 that phosphorylates the 5 0 alcohol group of B 6 vitamers using ATP [25] . In a ptsJ knockout Salmonella typhimurium LT2 mutant strain, pdxK expression was found to be increased with respect to the wild-type strain, clearly indicating that PtsJ is a transcriptional repressor of this gene. Moreover, the use of lacZ as reporter gene showed that the activity of the ptsJ promoter was much higher in the DptsJ mutant strain than in the wild-type counterpart, indicating that PtsJ represses transcription of its own gene [24] .
PdxR from Streptococcus and Blr6977 from Bradyrhizobium
In Streptococcus mutans, an important aetiological agent of dental caries, a mocR gene called pdxR (SMU864; not to be confused with the pdxR gene responsible for pdxST regulation) is located upstream of -and divergently transcribed from -an apparent operon coding for a putative pyridoxal kinase (PdxK, SMU865) and a putative pyridoxal transporter (PdxU, SMU866) [26] . In this bacterium, PdxR-deficiency drastically reduces the expression of both PdxK and PdxU, indicating that this MocR-TF acts as a transcriptional activator. S. mutans PdxR is not only involved in vitamin B 6 metabolism, but is also implicated in acid resistance and biofilm formation, two specific features of this bacterium, which lives on the tooth surface and needs to survive and adapt to various environmental conditions. In fact, compared to the wild-type strain, the PdxR-deficient mutant displayed more than 1-log reduction in survival rate in a buffer of pH 2.8 and showed a significant reduction in its ability to form biofilms, which appeared flat and tight, and contained little or no glucans. Two genes critical for St. mutans biofilm formation, spaP (encoding high-affinity adhesin SpaP), and gtfB (encoding glucosyltransferase B), were found to be upregulated in the PdxR-deficient mutant [26] . Another mocR gene (blr6977) was found to be involved in motility and biofilm formation in Bradyrhizobium japonicum, a Gramnegative soil bacterium that can fix nitrogen into ammonia by developing a symbiotic relationship with the soybean plant. Knock out of this gene caused delayed nodulation, and influenced cellular processes such as motility, attachment, and biofilm formation [27] .
Peptidoglycan biosynthesis
DdlR from Brevibacillus
In Brevibacillus brevis the MocR-TF encoding gene ddlR (BBR47_28440) is located adjacent to the gene encoding D-alanyl-D-alanine (D-Ala-D-Ala) ligase (ddl), forming an operon together with it. Ddl catalyses the condensation of two D-alanine molecules to produce the D-Ala-D-Ala dipeptide, which is a key building block of peptidoglycan biosynthesis. In vivo reporter assays demonstrated that DdlR is an activator of the ddlR-ddl operon [28] . The same assays showed that the activity of the ddlR-ddl promoter was not affected by the addition of PLP, pyridoxine, D-Ala and D-Ala-DAla (however, it could not be excluded that D-Ala-DAla acts as effector since the failure to demonstrate its action may be simply caused by the bacterial membrane impermeability to this dipeptide) [28] .
Virulence regulation in phytopathogenic bacteria
Vatr2 from Clavibacter A MocR-TF called Vatr2 (virulence-associated transcriptional regulator, formerly called CMM_2969) was found in the Gram-positive bacterium Clavibacter michiganensis subsp. michiganensis, the causal agent of one of the most important diseases of tomato crops worldwide. The role of Vatr2 in virulence was analysed by infecting tomato plants with a Dvatr2 bacterial strain and markedly reduced disease symptoms were observed [29] . Vatr2, whose encoding gene is located directly downstream of the two thioredoxins genes trxB1 and trxA, may regulate the expression of small redox proteins that in planta reduce reactive oxygen species produced as part of the tomato defence response. The D-Ala-D-Ala ligase gene is located directly upstream of vatr2 and it may be involved in the survival of C. michiganensis in planta by strengthening the bacterial cell wall. Transcriptomic analysis has actually revealed that Vatr2 upregulates several other genes that contribute to virulence, including virulence factors, chaperones, metabolic genes, and, also, other transcriptional regulators. Moreover, Vatr2 downregulates the expression of genes coding for secreted and membrane proteins, which may be recognised by the plant and induce a defence response [29] . In conclusion, the overall effect of this MocR-TF is to confer on the pathogenic bacterium the ability to overcome the plant defence response, hydrolyse and degrade the plant tissue, resulting in stem canker and leaf wilting.
Regulation of catabolism
In particular circumstances, bacteria can degrade substrates that are not present in their habitat at all times. As a consequence, it is crucial that a strict control of the genes involved in the uptake and catabolism of such compounds be present in the bacterial regulatory network. Several MocR-TFs are involved in the regulation of catabolism of particular substrates such as GABA, taurine, rhizopine and ectoine.
GabR from Bacillus
The most studied MocR-TF is GabR from Ba. subtilis. It regulates the expression of the gabT and gabD genes, respectively encoding GABA aminotransferase (GabT) and succinic semialdehyde dehydrogenase (GabD), which are involved in the degradation of extracellular c-aminobutyric acid (GABA) [16] . GABA is likely to be found in soil as a product of plant or animal tissue decay. Ba. subtilis uses GABA as nitrogen source and at the same time maintains a low intracellular concentration of this compound, whose accumulation appears to be toxic even at low level [16] . The gabR gene is transcribed divergently from the gabTD operon. Null mutants of gabR, gabT and gabD in Ba. subtilis were reported to be incapable of using GABA as the sole nitrogen source. Knock out of the gabR gene was found to abolish expression from the gabT promoter and made GabT and GabD activities similar to those of the wild-type strain grown in the absence of GABA. Moreover, in the gabR null mutant, expression from the gabR promoter, which in the wild-type strain is very low and not dependent on the presence of GABA, increased. These results demonstrated that GabR mediates the induction of gabTD by GABA and autoregulates its expression, despite the presence of GABA [16] .
The effect of GabR on transcription from both gabT and gabR promoters was confirmed by in vitro transcription studies using E. coli RNA polymerase [30] . The presence of both PLP and GABA was required for GabR-dependent activation of the gabT promoter, whereas the efficiency of GabR-dependent repression of the gabR transcript was not affected by the addition of these compounds. The unphosphorylated B 6 vitamers -pyridoxal, pyridoxine and pyridoxamine -were unable to replace PLP in the GABA-dependent activation of GabR in this assay. Only if pyridoxamine 5 0 -phosphate was present together with succinic semialdehyde, a small amount of gabT transcript was formed [30] .
TauR from Rhodobacter and Sinorhizobium
Rhodobacter capsulatus is a purple bacterium that can efficiently grow in the absence of sulfate under photoheterotrophic conditions, using taurine as sole sulphur source. Two divergently transcribed gene clusters, tauABC and tpa-tauR-xsc, are involved in taurine utilization. The tauABC genes are predicted to encode an ABC transport system mediating taurine uptake. TauR codes for its homonymous MocR-TF. The tpa and xsc gene products are probably taurine-pyruvate aminotransferase (Tpa), catalysing the initial transamination of taurine to 2-sulfoacetaldehyde, and sulfoacetaldehyde acetyl-transferase (Xsc), converting 2-sulfoacetaldehyde into sulphite and acetyl phosphate. The tpa, tauR, and xsc genes form a single transcription unit [31] .
Expression of the tpa promoter is taurine-inducible and strictly requires TauR. Since tauR is cotranscribed with the tpa gene, TauR appears to be a positive autoregulator [31] . Nothing is known about the possible involvement of TauR on tauABC expression.
TauR was also studied in the bacterium Sinorhizobium meliloti, which infects and colonizes nodules that develop along the plant root [32] ; these bacteria enter membrane-bound compartments within cortical cells and differentiate into bacteroids, capable of converting atmospheric dinitrogen into ammonia. In this case, tauR (SMb21525) is located adjacent to -and divergently transcribed from -tauABC and tauY, encoding the large subunit of putative taurine dehydrogenase.
The expression from the tauA promoter depends on the concentrations of taurine and is activated by TauR [32] .
MocR from Rhizobium
Rhizopine is a symbiosis-specific compound, deposited by plants into the rhizosphere, a nutritionally enhanced region of the soil. Some strains of the genus Rhizobium carry catabolism genes (mocAB) for the degradation of this compound, and are able to use it as carbon and nitrogen source. In Rh. meliloti, the mocAB genes are located on the rhizobial symbiotic plasmid and are divergently transcribed from the mocR gene [15] . For this reason, mocR has been thought to play a regulatory role in the expression of rhizopine metabolism genes, which confer a nutritional advantage in the competitive rhizosphere environment, facilitating nodulation initiation. Paradoxically, although MocR gives the name to the whole MocR-TFs subfamily, its direct role in transcriptional regulation and its possible regulatory interaction with rhizopine has not been experimentally demonstrated yet.
EhuR from Sinorhizobium and EnuR from Ruegeria
Ectoine is a compatible solute (an osmoprotectant) widely synthesized by members of Bacteria and a few Archaea and Eukarya in response to high salinity/ osmolarity and/or growth temperature extremes [17] . In addition to stress protection, an important secondary function of ectoine and its derivative 5-hydroxyectoine is to serve as carbon and nitrogen source, either as intracellular reserve in the producing organism or for other soil bacteria, once released into the environment upon cell death or hypo-osmotic shock [33] . In fact, ectoines can be found in habitats such as soil and acid mines. In Si. meliloti, a soil bacterium that can be found either free-living or on the roots of leguminous plants, the ehuABCD-eutABCDE operon is involved in ectoine uptake and catabolism [34] . A mocR gene (ehuR; SMB_20426) is located upstream of this operon and oriented in the same direction [35] . Although ehuR and ehuABCD-eutABCDE form a polycistronic transcriptional unit, ehuABCDeutABCDE has its own promoter. Transcriptional analyses carried out either by RT-qPCR or using a promoter-lacZ reporter fusion in wild-type and DehuR strains showed that EhuR negatively regulates the expression of the ehuABCD-eutABCDE operon. Moreover, the same experiments showed that in vivo ectoine is involved in the transcriptional regulation as antirepressor [35] .
Also the marine bacterium Ruegeria pomeroyi uses 5-hydroxyectoine and ectoine as nutrients. In this case, the uptake and catabolic gene cluster comprises 13 genes transcribed in a single operon, among which the uehABC genes, encoding a member of the TRAP transporter family, and the eutABC and eutDE-ssd-atf genes encoding catabolic enzymes. A mocR gene, called enuR (ectoine nutrient utilization regulator), is located upstream and oriented in the same direction. It should be noticed that EhuR and EnuR proteins, although deriving from different microorganisms, are in essence the same protein (they are orthologs). EnuR is transcribed from its own promoter [36] and, in fact, its transcriptional level is low and independent from the available substrates, whereas the uehABC-eutABCeutDE-ssd-atf transcript is strongly up-regulated in cells grown on a medium containing either ectoine or 5-hydroxyectoine. The loss of the EnuR regulator does not affect expression from the enuR promoter but results in a constitutive expression from the substrateinducible uehA promoter, demonstrating that EnuR acts as a repressor [36, 37] .
Although exogenously provided ectoine has been shown to induce in vivo the expression of both S. meliloti EhuR and Ru. pomeroyi EnuR, it lacks a primary amino group that could chemically interact with the PLP cofactor to form a covalent bond. Some products of ectoines catabolism, such as L-2,4-diaminobutyric acid (DABA; [35] ) and N-(a)-acetyl-2,4-diaminobutyric acid (N-(a)-ADABA; [37] ) are indeed the real effectors of these MocR-TFs [36] .
Regulation of membrane protein expression
YczR
A survey of the REGPRECISE version 4.0 databank [38] has highlighted the occurrence of a set of MocR-TFs divergently transcribed from genes coding for membrane proteins of unknown function in Actinobacteria and in Alpha-and Gammaproteobacteria [39] . These putative membrane proteins belong to a homologous family named YczE, annotated as "containing a DUF161 domain". Multiple sequence alignments and clustering suggested that the MocR-TFs associated to the yczE genes constitute a distinct subpopulation, which was named YczR [39] . An attempt to attribute a function to the putative YczE membrane proteins has been reported in literature [40] . A set of 30 complete Mycobacterium genomes have been collected from the databanks. Of these, only 16 contained yczE and yczR genes. In all the considered genomes the two genes were divergently transcribed. Application of phylogenetic profile analysis based on orthology clustering to compare the 30 mycobacterial proteomes, suggested that YczE proteins are associated to the presence, in the same proteomes, of a membrane transporter homologous to the ABC taurine import complex and other genes possibly involved in the metabolism of sulphur compounds [40] .
The chimeric structure of MocR-TFs
Although, at present, the only solved three-dimensional structure is that of GabR from Ba. subtilis [41] , MocR-TFs presumably share the same general chimeric structure, which can be inferred from their amino acid sequence [42, 43] . A GabR monomer folds into two domains: an N-terminal HTH DNA-binding domain of the winged-helix subtype (wHTH) and a C-terminal AAT-like domain, characteristic of fold type I PLP-dependent enzymes. A 29-residue linker connects the two domains. GabR appears as a homodimer in the crystals, with the two monomers organised in a head-to-tail domain-swap arrangement (Fig. 1A ) [41] . The DB-(linker included) and the AAT-like domains were separately expressed and purified as soluble proteins, suggesting that each domain is an independent folding unit [44] . Differential scanning calorimetry, sedimentation velocity and gel filtration analyses showed that GabR is a dimer [41, 45] . The shape of GabR in solution, determined by small angle X-ray scattering (SAXS), is also consistent with its dimeric crystal structure [46] . The head-to-tail domainswap arrangement creates two distinct dimer interfaces. The larger one is located between the two AATlike domains, which are also arranged in a head-to-tail Fig. 1 . Three-dimensional structure of Bacillus subtilis GabR. (A) Crystal structure of dimeric GabR depicted as a cartoon model. Colours indicate: dark and light green and dark and light red, the AAT-and DB-domains of the two subunits, respectively. Green and orange colours mark the linker regions connecting the two domains. PLP molecules at the active site are displayed as stick models. The figure has been built from the PDB coordinate set 4N0B. The structure is displayed with the two-fold symmetry axis approximately normal to the plane. (B) Binding site of GabR with the PLP-GABA external aldimine displayed as stick and transparent ribbon models. The figure has been created from the coordinate set 5X03, to which the numbering system refers. (C) Model of a putative complex between the GabR DB-domains and two DNA fragments. The model complex has been built using the structure of FadR, the fatty acid responsive transcription factor from Escherichia coli in complex with the fadB operator (PDB code 1H9T), as a reference for the DB-domain-DNA interaction. Cartoon models shaded with blue and red colours mark the two GabR subunits. Orange ribbons represent the DNA phosphate backbone of the fragments taken from the reference structure.
manner, generating the characteristic homodimeric aminotransferase fold. This interface of GabR, as seen in all fold type I enzymes, contains two PLP-binding pockets. The second interface is formed between the DB-domain of one monomer and the AAT-like domain of the other monomer. The low free energy of this surface interaction suggests that the overall quaternary structure of GabR is quite dynamic in solution and that the DB-domains may undergo large-scale movements, especially when interacting with DNA [41] . Sequence alignement and three-dimensional modeling of PdxR from Ba. clausii suggest that this MocR-TF is structurally very similar to GabR, with which it shares about 36% sequence identity [22] . In particular, the structural conservation concerns the DNA-binding domain and the key PLP-interacting residues of the AAT-like domain.
Structural features of the AAT-like domain
When compared to fold type I PLP-dependent enzymes, several GabR active site residues are conserved (Fig. 1B) . GabR Arg319 and Ser311 (corresponding to Arg266 and Ser257 of E. coli AAT, respectively) interact with the cofactor phosphate group. GabR Lys312 (Lys258 in E. coli AAT) forms the internal aldimine with PLP [41, 47] . Noteworthy, the active site lysine, that is a peculiar characteristic of PLP-dependent enzymes, is absent in some MocR sequences, in which it is replaced by either Ser or Thr residues [19, 43] , indicating that these proteins cannot bind PLP covalently and suggesting that they could interact with other B 6 vitamers, although none of these MocR-TFs has been characterised so far. A conserved aspartate residue (Asp279 in GabR, corresponding to Asp222 in E. coli AAT) supports the electron sink nature of PLP by maintaining PLP in the protonated state through interaction with the pyridinium nitrogen [41] .
Characteristics of the polypeptide domain linker
An important component of the MocR-TFs is the polypetide linker connecting the N-terminal DB-and C-terminal AAT-like domains (Fig. 1A) . Domain connecting linkers play a functionally relevant role in many protein assemblies. Therefore, also in MocRTFs this structural module exherts an essential function. A systematic survey of MocR linkers unveiled interesting features of this structural moiety [48, 49] . The distribution of the linker length is quite heterogeneous, ranging from about 10 up to 150 residues, with a peak at around 32 residues. This depends to some extent on taxonomy. Actinobacteria MocR-TF linkers tend to be shorter (average length 28.9) than others. For example, Betaproteobacteria display a length peak at 37 residue. Single and dyad amino acid propensities have also been considered. A common trait is the high frequency of Pro residues and of dyads containing Pro, with the dipeptide Pro-Pro being the most frequent. In addition, other residue propensities are phylum specific such as Glu, which is frequent only in Firmicutes MocR-TF linkers. Analysis of the physicochemical properties of the residues occurring in the linker sequences predicts that these regions tend to possess extended conformation, are flexible, and have hydrophilic characteristics [48, 49] .
Characteristics of the DNA-binding domain
All GntR regulators share a highly similar structure of the DB-domain. So far, no crystal structures of complexes between MocR-TFs and DNA are available. However, the GntR transcriptional factors FadR (E. coli acyl-CoA-responsive transcription factor [50] ) and AraR (Ba. subtilis arabinose operon repressor [51] ) have been solved in complex with their target DNA. Based on the FadR-DNA crystal structure, sequence alignments showed that three residues in GabR (Arg43 and Ser52 in the HTH moiety and Lys75 in the wing structure, which map in the most basic surface on the GabR DB-domain) are highly conserved and may play a crucial role in DNA binding. A GabR-DNA model was generated by superimposing the structural coordinates of the GabR DBdomain onto those of the FadR-DNA complex [41, 52] (similar to that shown in Fig. 1C) , showing that Arg43 may interact with two guanines found in the DNA repeated sequences recognised by GabR (see below), whereas Lys75 points between two DNA phosphate groups.
Cofactor and effector binding properties of MocR-TFs
Some MocR-TFs have been recombinantly expressed, purified and characterised with respect to their biochemical properties: GabR from Ba. subtilis, PdxR from Ba. clausii, PtsJ from Sa. typhimurium, DdlR from Br. brevis and EnuR from Ru. pomeroyi. All purified proteins showed the typical absorption bands of PLP-binding proteins, with maxima at about 330 and 425 nm (Fig. 2A) . The band centred at 425 nm corresponds to the ketoenamine form of the Schiff base between PLP and the active site Lys residue (Fig. 3) . Consistently, when the Schiff base reducing agent NaCNBH 3 is added to the protein, this 425 nm band disappears [28, 45, 52] . The band at 330 nm may be attributed to the enolimine form of the same Schiff base (Fig. 3) , as indicated by the presence of fluorescence emission bands at~400 and 500 nm when the protein is excited at 330 nm [22, 45] . The bands at 330 and 425 nm are not present in site-directed mutants in which the lysine involved in the Schiff base formation was substituted with another amino acid, indicating that these mutant protein forms are not able to covalently bind PLP [22, 36] . Similarly to what observed in PLP-dependent enzymes, the PLP present in MocRTFs such as GabR, PdxR and PtsJ reacts with Lcysteine to give a thiazolidine adduct, that can be easily removed from the active site of the protein by dialysis to yield the apo-forms. These apo-forms do not show any absorption band in the visible region of the spectrum ( Fig. 2A) [22, 24, 52] . So far, PLP was found to be the only B 6 vitamer able to bind at the active site of MocR-TFs, as demonstrated by visible circular dichroism measurements [22, 24] . The dissociation constant (K d ) of PLP, determined for PdxR and PtsJ by measuring the decrease of protein intrinsic fluorescence observed upon PLP binding, is around 80 nM [22, 24] , which is in the range observed with bacterial PLP-dependent enzymes [53] . GabR shows a lower affinity for PLP, with a K d determined by isothermal titration calorimetry (ITC) of about 1 lM [45].
Although the above mentioned features closely compare MocR-TFs to PLP-dependent enzymes, none of the so far characterised MocR-TFs show any catalytic activity, including half-transamination reactions typically catalysed by aminotransferases, or is able to bind standard amino acids [22, 44] . Only a truncated form of GabR (C 0 -GabR), containing the C-terminal domain but lacking the DB-domain and the polypeptide linker, is apparently able to bind D-Gln, D-Asn, b-Ala and D-Ala, as the absorption spectrum of the protein changed upon the addition of these compounds. These observations indicate that the Nterminal domain restricts the ligand specificity of the C-terminal domain [44] . In GabR, it has been observed that the addition of GABA results in a decrease of absorption at 420 nm and an increase at around 330 nm (Fig. 2B) , which indicates that PLP forms an external Schiff base with GABA through a transaldimination reaction (Fig. 3) 52] . Also with DdlR, the addition of the molecular effector, the D-Ala-D-Ala dipeptide, alters the visible spectrum of the purified protein, shifting the 420 nm peak to 431 nm, with a concomitant increase at 323 nm. According to fluorescence emission spectra, this latter absorption band corresponds to the enolimine tautomer of the PLP-dipeptide external aldimine [28] .
Microscale thermophoresis experiments demonstrated that R. pomeroi EnuR binds two metabolites of ectoine catabolism N-(a)-ADABA (K d = 1.7 lM) and DABA (K d = 457 lM), which act as effector molecules, whereas it does not bind N-(c)-ADABA, an intermediate in ectoine biosynthesis. These results demonstrated that EnuR is a key regulator for microorganisms that use ectoines as nutrient because it showed high affinity for N-a-ADABA, an ectoine-catabolism-specific metabolite, low affinity for DABA, that is an intermediate in other metabolic and biosynthetic processes, including the biosynthesis of ectoine, and has no affinity for N-(c)-ADABA, which serves as the main substrate for the ectoine synthase [37] .
Recently, the crystal structure of a truncated form of GabR (missing the DB-domain) with the AAT-like domain complexed with PLP and GABA was solved by two different groups [54, 55] . In particular, one of them noted an interesting asymmetry within the dimeric structure: in one subunit GABA formed an external aldimine adduct with PLP, whereas in the other subunit the PLP formed an internal Schiff base with Lys312 [55] (Fig. 4A) . Arg207, Arg430, and His114 coming from the same subunit interact with GABA carboxylate group. Compared with GABA aminotransferase, GabR lacks one of the two conserved arginines (Arg141 in GABA aminotransferase), which are involved in binding of dicarboxylic acid of Bacillus subtilis GabR AAT-like domains reported in the PDB structure of the truncated GabR form (5X03). Residues interacting with PLP and GABA discussed in the text are displayed as stick models and labelled. In subunit B, PLP is present as an internal aldimine with Lys312, whereas in subunit A PLP binds GABA forming an external aldimine. The superposition highlights the conformational differences between the two subunits. (B) Structural superposition between the full-length GabR dimer (grey cartoon) reported in the PDB structure 4N0B and the truncated dimer formed by AAT-like domains (5X03) (colours as in panel A). Residues at the interface between the DB-domain and the AAT-like domains discussed in the text are labelled and displayed as stick models. 4N0B is in the internal aldimine form. Superposition pinpoints the conformation differences between the two GabR forms.
substrates such as L-glutamate or 2-ketoglutarate, suggesting that GabR may bind only monocarboxylic acids [41, 54] . Another difference is the absence of residues interacting with the phenolic O3 0 of PLP involved in the stabilization of the external aldimine [55] . Moreover, in the structure of the GabR AAT-like domain in complex with GABA, residue Tyr281 is oriented so that it blocks Lys312 from accessing the PLP-GABA Schiff base, preventing any modification and, therefore, determining the lack of catalytic power of GabR [54, 55] .
The binding of effector molecules to MocR-TFs is expected to induce a conformational change of the protein that affects its DNA-binding properties, triggering the activation or the repression of transcription. The nature of this conformational change, which is so far mostly unknown, is a crucial aspect of MocR-TFs molecular mechanism. In PdxR, that uses PLP as effector molecule, the apo and holo-forms present different conformations, as demonstrated by gel filtration and limited proteolysis experiments that suggest a less compact structure of the apo-form [22] . Crystallographic studies on the above-mentioned truncated form of GabR showed that binding of GABA to PLP, in the subunit in which the external aldimine is formed, determines an open-to-close transitional change of the AAT-like domain (Fig. 4A) . Superimposition of this structure to the crystal structure of the full length GabR protein (Fig. 4B) suggests that this conformational change could weaken the interactions between the AAT-like and DB-domains, by the loss of hydrogen bonds between residues Tyr17, Gln18 and Tyr21 of the DB-domain with Asp290 of the AAT-like domain, and may induce their dissociation [55] . The entire crystallographic structure of the GabR homodimer has been taken in consideration in a very recent molecular dynamic work carried out with the aim to highlight the role of the conformational flexibility in the functional role of GabR [56] . The holo-form of GabR appears more dynamic than the apo-form. In particular, when PLP is bound at the active site, one of the DB-domain tends to move away from the subunit surface and rotate. This movement is apparently mediated by a rearrangement of the peptide linker, whose C-terminal section docks into the active site pocket. During the simulation, several interactionssuch as hydrogen bonds, salt bridges and hydrophobic interactions -form or break, most of which involve residues belonging to the 29-residue linker.
Interactions between MocR-TFs and DNA
In all experimentally characterised MocR-TFs, the regulator gene and the target genes are adjacent (Fig. 5) , with the exception of PdxR from St. pneumoniae [20] . In most cases, the MocR-TF binds to a DNA region that is located between the regulated operon and the gene encoding the MocR-TF itself. Analysis of MocRTFs target DNA showed the presence of repeated sequences that are quite variable in composition, length and arrangement (Fig. 6 ). 
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The FEBS Journal 285 (2018) 3925-3944 ª 2018 Federation of European Biochemical Societies the gabT promoter, and the À10 and +1 regions of the gabR promoter [30] . The binding equilibrium between GabR and DNA was analysed with several techniques, obtaining comparable values for the [46] , atomic force microscopy (K d = 10 AE 1 nM) [52] . In all cases, it has been observed that the strength of DNA binding by GabR decreases about two-fold in the presence of GABA and PLP. However, addition of these effectors does not alter the binding stoichiometry of 1 DNA fragment per protein dimer [45, 46, 52] or the pattern of GabR-mediated DNA protection [30] .
Two direct repeats of the ATACCA sequence (D1 and D3 in Fig. 6A ), located at the ends of the GabR protected region, are essential for GabR binding [30] . The centres of these repeats are separated by 34 bp. SAXS measurements indicated that this DNA segment is more compact than an ideal straight of DNA duplex of the same length and likely corresponds to three full helical turns [46] . Mutations in the sequence of both motifs were shown to abolish GabR binding [30, 46, 52] . Moreover, the sole deletion of the D1 repeat completely abolished GabR binding, whereas mutation of the D3 repeat increased K d three times [52] . Analysis of the gabR-gabTD intergenic region of different Bacillus species showed that, beside the conserved ATACCA direct repeats, also a TGGTAc sequence (I2), which has an inverted orientation with respect to ATACCA, is conserved (Fig. 6A) . However mutations in this sequence do not affect GabR binding [30, 52] . Nevertheless, the simultaneous deletion of the D3 and I2 repeats leads to a ten-fold increase of K d [52] .
SAXS measurements have suggested that binding of GabR to DNA does not require the dissociation of DB-domains [46] . Nevertheless, this binding determines a further DNA compaction. The DNA sequence between D1 and D3 directed repeats were predicted to have an intrinsic propensity to bend. GabR binding promotes this DNA bending, moving the wHTHbinding sequences closer together, without large scale conformational changes in the protein. Mutations in the DNA region predicted to alter its sequence-dependent bendability and intrinsic curvature lead to weaker complexes [46, 52] . Notably, the symmetrical, inverted orientation of the DB-domains in the GabR dimer is not compatible with binding to D1 and D3 direct repeats on DNA. A GabR-DNA model, generated using the FadR-DNA complex coordinates (similar to that shown in Fig. 1C) , shows that if a first DBdomain is bound to a direct repeat on DNA, the other DB-domain would be around 3 bp from the second direct repeat [46] ; moreover, it should rotate and completely change its orientation in order to bind the second ATACCA sequence (D3). Alternatevely, the recognised sequence repeats on DNA should be reconsidered and explore the possibility that two inverted repeats might be present in the fragment recognised by GabR.
For the formation of stable GabR-DNA complexes, electrostatic interactions between DNA and the AATlike domain are also required. Analysis of the GabR surface electrostatic distribution shows the presence of a positively charged groove running across the entire AAT-like C-terminal domain. In particular, residues Arg129, Lys362 and Lys366, which are conserved among MocR-TFs but not in fold type I PLPdependent enzymes, play an important role in the interaction with DNA. In fact, it has been shown that replacement of these residues with uncharged alanine residues, although not perturbing the overall protein fold, strongly impair binding of GabR to the gabTD promoter [52] .
PdxR
Binding of PdxR to its target DNA was analysed by electrophoretic mobility shift assays (EMSA) using the purified transcriptional factor from different sources [19, 21, 22] . It was observed that the addition of PLP to PdxR determined a 2-to 60-fold decrease of the binding affinity, without affecting the stoichiometry [22] [21]. All analysed target DNAs contain repeated motifs that are recognised by PdxR: two direct repeats (D1 and D2) and one inverted repeat (I3) (Fig. 6B-D) . It is interesting to note that, in all cases, the distance between D1 and I3 suggests that these DNA-binding sites are located on the same face of the DNA double helix. The 11-bp D1 and I3 motifs, located in the 89 bp pdxR-pdxST intergenic region of C. glutamicum, share the AAAGTGGwCTA sequence with a single mismatch at position 8 (indicated in lower case). The 12-bp long D2 motif is separated from motif D1 by a 13 bp spacer (Fig. 6B) [19] . EMSA analyses on mutated target DNA fragments demonstrated that the presence of motif D1 alone is sufficient for the interaction between PdxR and DNA to take place. The PdxR protein also binds to motifs D2 and I3, but with apparently weaker interactions. The flanking regions of these motifs do not affect binding [19] .
In Ba. clausii the 6-bp D1 and I3 motifs share the same CTGACC sequence, whereas D2 contains one mismatch (CTGACa), is spaced by 18 bp from D1 and is located a nucleotide upstream of the À35 regions predicted for pdxR and pdxST, which are partially overlapping (Fig. 6C) [22] . In this case, the apo-and holo-forms of PdxR were separately used in EMSA experiments (analogous to those shown in Fig. 7 , which were performed on purpose for this review) with DNA fragments containing different combinations of the three motifs. The highest affinity between PdxR and DNA was observed with fragments containing all three motifs. On the other hand, DNA fragments containing only a single motif did not interact with PdxR. Apo-PdxR was shown to bind to all combinations of two motifs with similar affinity, whereas holo-PdxR bound with higher affinity to motifs D1 and I3 [22] .
In the case of PdxR from L. monocytogenes, the binding region on the target DNA was mapped by DNase I footprinting experiments [21] . The protected DNA region overlaps the À35 element of the pdxS promoter and lies downstream of the pdxR transcription starting point (Fig. 6D) . Two nucleotides became hypersensitive to DNase I digestion, indicating an alteration of DNA conformation. In the presence of PLP, additional short areas of protection were observed, together with changes of the hypersensitive sites [21] . The D1 and I3 motifs constitute a perfect dyad-symmetry sequence, AATTGGATG-N10-CATC-CAATT, within the PdxR binding site. The D2 motif, AATTGGcTG, is located 15 bp downstream of D1 and overlaps I3 by 4 bp (Fig. 6D) . EMSA, footprinting and transcriptional fusion analyses showed that D1 is essential for efficient binding of the protein to its target DNA, whereas I3 is involved in the response of the protein to the binding of its PLP molecular effector [21] .
It is interesting to note that, in all characterised PdxR regulons, the two direct motifs D1 and D2 are separated by the same distance and the À35 element of the pdxST promoter is adjacent to the D2 motif. These features suggest that activation of pdxST expression by PdxR has a common mechanistic basis in all these organisms. A mechanistic molecular model has been proposed for PdxR from Ba. clausii that may be applied to the regulons from all other sources and is based on the following structural considerations: (a) binding of the effector PLP molecule to PdxR determines a conformational change; (b) the three-dimensional structure of PdxR from Ba. clausii was predicted by homology modelling and used to build a protein-DNA complex based on the crystallographic structure of the FadR-DNA complex [22] . In this PdxR-DNA model complex, the distance between the two DB-domains is compatible with the distance between inverted repeats D1 and I3 (34 bp, corresponding to~100 A); (c) as in the case of GabR, the electrostatic surface potential of PdxR shows the presence of a longitudinal region of basic residues that spans over the dimeric AAT-like domains of the protein and connects the two DNAbinding domains. This strongly suggests that DNA binds across both DB-domains, also interacting with the AAT-like domains. (d) the fact that PdxR can bind also to D1/D2 and D2/I3 pairs on the DNA promoter region. All these features suggest that the protein, especially when in the apo-form, can assume an open conformation in which the DB-domains have a high degree of freedom. In this conformation, binding of apo-PdxR to DNA would leave the À35 and À10 elements of the pdxST promoter available to RNA polymerase (Fig. 6C) , which could also interact with PdxR to start transcription. On the other hand, holoPdxR, which is in a closed conformation, prevalently binds to motifs D1 and I3 and therefore does not activate transcription of pdxST [22] .
TauR
The TauR binding site consists in two direct repeats (CTGGAC[t/c]TAA) and spans the DNA region between positions À77 and À45 with respect to tpa transcription start site (Fig. 6E) . Indeed, this binding site is located close to the target promoter. PLP and taurine did not affect in vitro binding of TauR to the tpa promoter [31] .
DdlR
It has been suggested that DdlR specifically recognizes a region on the ddlR promoter region, whose sequence is TACGGT-N25-TGCCAT (Fig. 6F) . The binding is enhanced by approximately two-fold by the presence of PLP, whereas it is not affected by D-Ala-D-Ala [28] .
PtsJ
In PtsJ, the PLP effector molecule not only affects the affinity of the MocR-TF for its target DNA (by lowering the apparent dissociation constant), but also changes the binding stoichiometry. In particular, a single PtsJ dimer binds to DNA when the protein is in the apo-form; however, when PLP is bound, two dimers form a complex with DNA. This was confirmed by EMSA analyses, which also showed the existence of two different protein-DNA complexes. With apo-PtsJ, a low molecular weight complex (complex 1) is mainly visible, however, as the protein concentration is increased, a second more retarded complex (complex 2) appears. With holo-PtsJ, both complexes are visible even at low protein concentration and, as protein concentration is increased, complex 1 is converted into complex 2 [24] (as shown in EMSA analyses of Fig. 7 , performed on purpose for this review).
In S. typhymurium promoter sequence four 8-bp sequence repeats were found: two direct repeats (motifs D2 and D4) spaced by 14 bp and two inverted repeats, upstream and adjacent to the direct repeats (motifs I1 and I3) (Fig. 6G ). This particular arrangement of transcription factor binding sites is characteristic of PtsJ and is not observed in any of the other characterised MocR-TFs. EMSA experiments carried out with mutated DNA fragments, showed that each of the four sequence repeats is involved in the formation of the DNA-protein complexes. Mutation of motifs I1 and D2 appear to be involved in the formation of complex 1, when using both apo-and holo-forms of PtsJ. On the other hand, when using holo-PtsJ, mutation of motifs I3 and D4 has a minor effect on formation of complex 1, but hinders formation of complex 2. These data suggest that dimeric apo-PtsJ binds to motifs I1 and D2 forming complex 1; in the presence of PLP, a second dimer binds to motifs I3 and D4 forming the more retarded complex 2 shown in Fig. 7 [24] .
Besides the DB-and AAT-like domains, in MocRTFs the peptide linker plays a fundamental role in the regulation of transcription (see above). It is worth noticing that in PtsJ the peptide linker connecting the DB-domain to the AAT-like domain (22-residue long) is shorter than the corresponding linker regions of GabR and PdxR (about 30 residues each). This feature and the close position of contiguous direct and inverted repeats recognised by PtsJ may be responsible for a different mechanism of binding of PtsJ to DNA [24] .
EhuR and EnuR
As observed by EMSA, EhuR binds to the ehuA promoter forming two different complexes. In fact, DNase I footprinting analysis showed that it protects two DNA regions (Fig. 6H) consisting of direct repeats (ATTGwCATGATwT). EhuR can also interact in vitro with its own ehuR promoter, forming a single protein-DNA complex. In the ehuR promoter, a single inverted repeat was protected by EhuR in footprinting experiments, whose sequence is the same of that found in the ehuA promoter (Fig. 6I) . Ectoine, aspartate and PLP exhibited no effects on the binding of EhuR to DNA probes. In contrast, DABA (a degradation product in the ectoine catabolism pathway) alone can inhibit the binding of EhuR to both promoters in a concentration-dependent manner, with a slightly stronger inhibitory effect on the binding to ehuA promoter [35] .
The ortholog of EhuR, EnuR from Ru. pomeroyi, binds the enuR-uehA intergenic region, where two possible palindromic binding sites were identified (Fig. 6J) [37] .
In summary, a large variability in terms of length, sequence and arrangement is observed in the repeated DNA sequences recognised by the experimentally characterised MocR-TFs, although some common features may be pointed out. A relevant common characteristic is the occurrence of a TG group that is present in all repeated motifs [57] , with the exception of the DdlR DNA target, whose recognised sequences are neither direct or inverted repeats, as in the case of all other MocR-TFs (Fig. 6F) . Another common feature is the distance between the two direct repeats present in the target DNA, which is always about 23 bp, with the exception of GabR. Importantly, it can be noticed that in all regulons in which the MocR-TF acts as activator, the À35 element of the target promoter is adjacent to the second repeated motif. A paradigmatic example is that of TauR from Rh. capsulatus (Fig. 6E) , which is a class II transcriptional activator [58] . DdlR is again the only exception. Conversely, when acting as repressor of its target gene, MocR-TFs bind to repeated motifs that overlie over the À35 element of the regulated promoter (Fig. 6G,H) , blocking access of RNA polymerase to the promoter [58] . Noticeably, when acting as repressor of their own gene, MocR-TFs also bind across their regulatory elements.
Evolution of MocR-TFs
Currently, an exhaustive structural and evolutionary analysis of the MocR family is missing, although a few studies have been published with the aim to shed light on the evolutionary relationships between MocR and PLP-dependent enzymes [11, 39, 42, 43, 47 ]. An exhaustive sequence comparison between the AAT-like domain of a set of MocR regulators and fold type I PLP-dependent enzymes with known three-dimensional structure have suggested that AAT-like MocR domains are most similar to the human kynurenine aminotransferase II homologue from Pyrococcus horikoshii (PDB ID 1XOM), the multiple substrate aminotransferase from Thermococcus profundus (PDB ID 1WST), and 2-aminoadipate aminotransferase from Thermus thermophilus (PDB ID 2EGY) [43] . More recently, sequence alignment and phylogenetic analyses of the AAT-like domains of Firmicutes MocR-TFs suggested that at least three different clades can be distinguished within the Firmicutes AAT-like domain population [47] . Two clades are most populated: GabR appears to belong to one of these clades (clade1) while the three fold type I structures 1XOM, 1WST and 2EGY are most similar to MocR-TFs of clade2. A comparison among the sequences of the three clades pointed several clade-specific residues possibly related to functional diversification [47] . However, these findings do not solve the questions about the evolutionary origin of the MocR family. Al least two hypotheses may be proposed: in one case, a single ancestral gene fusion event between a DB-domain containing an HTH motif and a fold type I enzyme may have produced an original MocR from which all the actual members of the family have evolved through effector specificity and target gene diversification; alternatively, multiple fusion events with different fold type I enzymes may have led to the existing variety of MocR diversified by target genes and effector specificity. Further studies will be required to solve this question.
Perspectives and conclusions
Bioinformatics studies have shown that MocR-TFs are widespread in eubacteria and are involved in the regulation of numerous metabolic pathways. However, only a few MocR regulons have been experimentally characterized so far and a lot is left to understand on their molecular mechanism of action. The characterization of novel MocR-based regulatory networks may open new perspectives on bacterial metabolism and pathogenicity. Concerning this latter aspect, it is known that MocRTFs are involved in the adaptation of microorganisms to the host environment. Inhibition of the molecular mechanisms that allow such adaptation could block bacterial proliferation and the development of latent infections. Therefore, MocR regulons may be targets for innovative therapies against pathogenic bacteria. For example, systems regulating the expression of proteins involved in vitamin B 6 metabolism and transport may be promising targets for the development of new therapeutics against bacterial infections.
Experimental procedures
Materials
All chemicals were from Sigma-Aldrich (St. Louis, MO, USA). Ba. subtilis GabR, Ba. clausii PdxR and Sa. typhimurium PtsJ were purified as previously described [22, 24, 52] .
Spectroscopic measurements
UV-visible spectra of GabR were recorded at 25°C in 50 mM NaHEPES pH 8.0 using a Hewlett-Packard 8453 diode-array spectrophotometer (Agilent Technologies, Santa Clara, CA, USA).
Electrophoretic mobility shift assays
DNA mobility shift assays were conducted using purified Ba. clausii PdxR (from 5 to 400 nM) and Sa. typhimurium PtsJ (from 5 to 1500 nM) with synthetic DNA fragments corresponding to their DNA targets [22, 24] , whose sequence are TTTCTGACCTCATCATTTTCTTAAAAACTGA CACT TACAATGTGGTCAGTTGT (PdxR) and GAT CAT TATTGACCTATGACAAAATGAATTTTAGCAATG TACAATGATAATGA (PtsJ). Double stranded synthetic Apo-forms of PdxR and PtsJ were obtained as described in [22, 24] . When the holo-forms were used, 10-fold excess PLP with respect to protein was added so as to ensure complete saturation. Samples were loaded onto 5% non-denaturing polyacrylamide gels in 0.59 TBE buffer (45 mM Tris-borate, 1 mM EDTA). Gels were run at room temperature in 0.59 TBE buffer and then incubated with SyBR Green (Sigma) for 10 min and visualized on UV transilluminator.
Protein structure analyses
Protein structure superimpositions and figures were generated using PYMOL software (https://pymol.org/). 
